Abstract. Geophysical models of flexural stresses in an elastic lithosphere due to an axisymmetric surface load typically predict a transition with increased distance from the center of the load of radial thrust faults to strike-slip faults to concentric normal faults. These model predictions are in conflict with the absence of annular zones of strike-slip faults around prominent loads such as lunar maria, Martian volcanoes, and the Martian Tharsis rise. We suggest that this paradox arises from difficulties in relating failure criteria for brittle rocks to the stress models. Indications that model stresses are inappropriate for use in faulttype prediction include (1) tensile principal stresses larger than realistic values of rock tensile strength, and/or (2) stress differences significantly larger than those allowed by rock-strength criteria. Predictions of surface faulting that are consistent with observations can be obtained instead by using tensile and shear failure criteria, along with calculated stress differences and trajectories, with model stress states not greatly in excess of the maximum allowed by rock fracture criteria.
Discrepancies between observations and model predictions of faulting surrounding planetary surface loads have origins in one or more of three sets of components. These are (1) consideration of stress trajectories (map view orientations) only; (2) neglect of stress magnitudes; and (3) identification of initial failure mechanism. Although many previous workers may at times have included some of these, it is shown below that explicit consideration of all three of these components is critical to fault-type predictions on any planet or satellite.
To illustrate our rationale, we calculate elastic stresses due to an axisymmetric Gaussian surface load to approximate loading of the lunar lithosphere by a mare basin (Figure 1) . We emphasize the importance of several caveats in the interpretation of these elastic stress states. First, near-surface bending stresses far exceed rock strength, indicating that they are inappropriate for predicting the onset and type of faulting. Second, stress geometries commonly taken to indicate strike-slip faulting are nonunique and are consistent instead with either strike-slip faults or joints (tensile fracture), depending on the stress difference and rock strength. Third, consideration of stress state at the onset of failure indicates that concentric jointing and normal faulting, not strike-slip faulting, are predicted in the locations beyond the load where concentric grabens are observed. The use of stress orientations or trajectories only, with or without stress differences, can lead to incorrect fault-type predictions such as strike-slip faulting if final, "post-failure" elastic stresses are used.
Our results demonstrate that concentric normal faults and joints, no.t strike-slip faults, are predicted to occur at or near the surface about lunar mare basin loads. These results are also directly applicable to impact basin loads on Mars and other planetary bodies, as well as to volcano, coronae, and other surface and subsurface loads. Further, our results are not restricted to axisymmetric surface loads, but apply to the general problem of fault-type prediction due to a load on silicate or icy lithospheres. Future models of regional and global tectonics should take rock strength, stress difference, and load evolution into account explicitly in order to more accurately predict styles of faulting.
Fracturing about a Lunar Mare Basin Stresses due to an Axisymmetric Surface Load
We use the formulation given by Melosh [1978] to calculate the normal and shear stresses in an elastic lithosphere subjected to an axisymmetric Gaussian surface load (Figure 2 ) which represents a lunar mare basin. The lithosphere is treated as a thick elastic plate that overlies a strengthless fluid of equal density. Confining pressure-n:pcgz, where tc is the ratio of horizontal to vertical overburden (pretectonic) stresses, is included in the calculations so that total stress, not just deviatoric stress, is used in the prediction of fault types. The value of tc for hydrostatic or isotropic conditions (tc = 1), which we adopt in this paper, is considered to be an appropriate reference case by McGarr [1988] and Banerdt [1993] 
Rock Fracture Criteria
The criterion adopted in this paper to relate stresses to rock strength is a nonlinear rock mass envelope (Figure 3 
Failure of Near-Surface Rock
In apparent agreement with previous studies, the orientations of principal stresses at the planetary surface due to the entire, final load appear to predict strike-slip faulting interior to the position of maximum bending stress (r/a < 1.8). However, these stresses substantially exceed the rock fracture criterion and predict a fault type (strike-slip) that is not observed. Instead, smaller values of the load were investigated in order to identify stress states comparable to the fracture criterion (equation 8) so that a more realistic prediction of fault types could be made. We evaluated a succession of loads, having constant aspect ratios (appropriate also to volcano growth), of 1/10-, 1/4-, and 1/2-size in addition to the full, final load. Stresses from the 1/10 load case were too small to be included in the following figures and were not associated with significant rock failure. Successive growth of loads having constant radii equal to the final load radius was also investigated. On the other hand, the elastic modulus used in the calculations, 100 GPa, may be too large to represent the modulus of near-surface rocks [Golombek, 1985] .
A modulus value of 30 GPa, appropriate to an average jointed basalt Figures 6a, 6c) . However, the predicted fracture type will be a joint (tensile crack) because the Mohr circles for stress become tangent to the strength criterion at or near the tensile strength intercept (arrow, Figure  6a 
Fracturing in Other Locations
Tensile cracking is also inferred as an initial fracture mechanism for the position of maximum bending stress defined by the final load (Figures 6b, 6d) In a model that explicitly admits brittle fracture, the stress state obtained in the corresponding elastic model probably would not be achieved. This suggests why the prediction of strike-slip faults about axisymmetric surface loads is associated with "postfailure" elastic stresses. Instead of using this stress state to predict fault type, we suggest that stresses which are at or near failure should be used.
Synthesis
The results discussed in this paper are appropriate to a variety of axisymmetric surface loads such as mare basins, volcanoes, and coronae. Loads and associated structures on silicate or icy lithospheres can also be investigated using this approach. An algorithm that documents important steps in the prediction of fault types from calculated stresses is given in Table 1 . Application of this procedure to fault prediction is shown in Figure 9 . The most reliable predictions can be made when calculated stress magnitudes are comparable to the rock mass or large-scale strength of near-surface rock.
